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Optical conductivity spectra σ1(ω) of Nd2−xCexCuO4 thin films, measured by the reflectance-
transmittance method (R-T method) which has been proposed to investigate the far-infrared (FIR)
spectroscopy, are investigated based on the anisotropic pairing model. Precise measurements of the
frequency-dependent conductivity σ1(ω) enable us to examine quantitatively the nature of the super-
conducting gap through FIR properties for the first time in high-Tc superconductors. We show that the
behavior of optical conductivity σ1(ω) is consistent with the anisotropic superconducting gap and is well
explained by the formula for d-wave pairing in the low-energy regime of the FIR region. Our results
suggest that the electron-doped cuprate superconductors Nd2−xCexCuO4 have nodes in the supercon-
ducting gap.
Keywords: electron-doped superconductors, optical conductivity, anisotropic superconducting gap, R-
T method
I. Introduction
Oxide high-Tc superconductors have been investigated
intensively over the last decade.1,2 d-wave superconduc-
tivity is now well established for hole-doped superconduc-
tors. However, there is a class of high-Tc superconductors
doped with electrons,3,4 for which both s-wave5 and d-
wave pairing6–8 have been reported. Nd2−xCexCuO4 is a
typical example of electron-doped materials and the sym-
metry of Cooper pairs has been a controversial issue. It
is important to examine the symmetry of Cooper pairs
in the study of high-Tc superconductors.
Far-infrared (FIR) spectroscopy is a powerful tech-
nique to investigate the nature of the superconducting
gap. The conventional FIR spectroscopy based on a
Kramers-Kronig transformation, however, is rather un-
favorable for studying electronic properties in the low
energy regime of the FIR region.9,10 Since the super-
conducting gap ∆ in Nd2−xCexCuO4 is very small, there
have been no reports on the study of the nature of the su-
perconducting gap of Nd2−xCexCuO4 through such tech-
niques, although there have been a number of reports on
the FIR spectroscopy of Nd2−xCexCuO4.
11,12 Recently,
a new method to examine FIR spectroscopy has been
developed without the need for evaluating the Kramers-
Kronig transformation.13 In this method, the optical con-
ductivity is estimated from the data of reflectance spec-
tra R(ω) and transmittance spectra T (ω) by substituting
them into a set of coupled equations. The new method
is free from the conventional difficulties in the FIR re-
gion since we do not need the aid of the Kramers-Kronig
transformation.14 This method is referred to as the R-T
method in this paper.
The purpose of this paper is to investigate FIR opti-
cal properties of Nd2−xCexCuO4 obtained by the R-T
method from the viewpoint of unconventional supercon-
ductors. We will show that the available data for the
optical conductivity and transmittance are well explained
by the d-wave pairing model in the clean limit. The value
of the superconducting gap is estimated as 2∆ ∼ 50− 60
cm−1, which is consistent with the available value esti-
mated by scanning tunneling spectroscopy.5
II. Theory and Measured Conductivity
The frequency-dependent conductivity σ(ω) has been
calculated by Mattis and Bardeen,15 Abrikosov et al.16
and Skalski et al.17 for isotropic superconductors. The
original Mattis-Bardeen theory was tested for a conven-
tional type-I s-wave superconductor, where the coher-
ence length ξ and magnetic penetration depth λ sat-
isfy ξ ≫ λ. The opposite limit ξ ≪ λ (London limit)
was also examined for s-wave pairing by field theoreti-
1
cal treatments.17 For the high-Tc compounds of type-II
superconductor with small coherence length, the formula
in the London limit is appropriate for optical conductiv-
ity measurements. Recently, the conductivity σ(ω) of an
unconventional superconductor has been examined theo-
retically in the London limit.18–22 The current response
function, from which the optical conductivity is derived,
is given by18
Kij(q, ωm) = −
e2k2F
m2c
∑
k
kˆikˆj
1
β
∑
n
Tr[G(k+, ǫn +
ωm)G(k−, ǫn)], (1)
where k± = k± q/2 and ǫn = (2n+ 1)π/β. The single-
particle matrix Green’s function is given by
G(k, ǫn) =
i(ǫn − Σ(ǫn))τ
0 + ξkτ
3 +∆kτ
1
(ǫn − Σ(ǫn))2 + ξ2k +∆
2
k
, (2)
where ∆k is the anisotropic order parameter and Σ(ǫn)
is the self-energy due to impurity scattering. τ i (i =
0.0
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FIG. 1. Optical conductivity as a function of ω for several
values of temperature. From the top T/∆ = 1/β = 1, 1/2, 1/4
and 0.
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FIG. 2. Optical conductivity (circles) by the R-T method and
theoretical predictions at T = 0 (solid curves). From the left
2∆ = 50cm−1, 60cm−1 and 70cm−1.
0, 1, · · ·) denote Pauli matrices. Since we consider the case
where ξ ≪ λ holds, the real part of optical conductivity
is well approximated by the formula in the London limit:
σij(ω) = −
c
ω
lim
q→0
ImKij(q, ω). (3)
The expressions of Kij(q, ω) for real and imaginary parts
were given in ref. 20. Our focus is the collisionless limit of
the normalized conductivity to compare it with the data
for Nd2−xCexCuO4 since ξ ≪ ℓ holds for the mean-free
path ℓ. For anisotropic superconducting order parameter
∆k such that the average over the Fermi surface vanishes
〈∆k〉 = 0, the expression for σxx(ω) in the collisionless
limit on the plane is simply given by19
σxx(ω)
σn
=
1
2ω
∫ ∞
−∞
dx〈Re
|x|
(x2 −∆2k)
1/2
〉〈Re
|x− ω|
[(x − ω)2 −∆2k]
1/2
〉[tanh(
βx
2
)− tanh(
β(x − ω)
2
)], (4)
which is an angle-dependent generalization of the Mattis-
Bardeen formula. For the d-wave symmetry, the average
over the Fermi surface denoted by the angular brackets
is defined as
〈Re
x
(x2 −∆2k)
1/2
〉 = Re
∫
dφ
2π
x
[x2 − (∆cos(2φ))2]1/2
, (5)
where the order parameter is factorized as ∆k =
∆cos(2φ). In Fig.1, we show the behaviors of σs(ω) ≡
σxx(ω) as a function of ω for several values of tempera-
ture T . The FIR behaviors reflect the lines of nodes on
the Fermi surface.
2
FIR reflection R(ω) and transmission T (ω) measure-
ments were performed for Nd2−xCexCuO4 (x = 0.15)
thin films deposited by laser ablation onto (001) MgO
substrates. The thickness of the Nd2−xCexCuO4 thin
film was about 40 nm. Tc was estimated to be ∼20K.
The electric field of the FIR radiation was predominantly
parallel to the a-b plane. The conductivity spectra were
evaluated by the R-T method from the data for R(ω) and
T (ω) at T = 4.3 and 30K.14
The R-T method provides us with reliable spectro-
scopic data in the FIR region due to which a compar-
ison between the experimental data and that of theo-
retical analysis is possible. In the R-T method, both
the refrectance spectra R(ω) and the transmittance spec-
tra T (ω) are measured experimentally from which a set
of coupled equations is derived describing the transmit-
tance and reflectance of a thin film on a substrate. The
coupled equations are solved numerically by the New-
ton method to determine the optical conductivity. This
method is free from the difficulties in the FIR region
which occur commonly in the conventional method em-
ploying a Kramers-Kronig transformation. In Fig.2, we
show the observed data and theoretical curves at T = 0
for 2∆ = 50, 60 and 70 cm−1. The experimental data
σ1(3.4K)/σ1(30K) normalized by the normal state val-
ues at T = 30K are shown in Fig.2. It is obvious from the
experimental results that there is no evidence of a true
gap, which is suggestive of an anisotropic superconduct-
ing gap, since the spectral weight of conductivity should
vanish for ω ≤ 2∆ at T = 0 in conventional isotropic
superconductors. It is also shown in Fig.2 that they are
well fitted by the curve with 2∆ = 50 cm−1, which is
consistent with the value estimated by scanning tunnel-
ing spectroscopy measurements.5
A transmission curve is also presented in Fig.3, where
TS/TN , the ratio of the transmission in the superconduct-
ing (T =3.4K) to that in the normal state (T =30K),
is the experimentally measured quantity. The following
phenomenological expression for TS/TN is employed to
determine the transmission curve theoretically,23
TS
TN
=
1
[T
1/2
N + (1− T
1/2
N )(σ1/σn)]
2 + [(1 − T
1/2
N )(σ2/σn)]
2
, (6)
where σ1 and σ2 are real and imaginary parts of the con-
ductivity −(c/ω)K(q, ω) for q → 0, respectively. TN is
determined as TN ≃ 0.08 from the expression for the ra-
tio of the power transmitted with a film to that with no
film given as
TN = 1/[1 + σnd
Z0
n+ 1
]2. (7)
Here, d is the film thickness, n is the index of refraction
of the substrate, and Z0 is the impedance of free space.
We have assigned the following values; d = 4 × 10−6cm,
n = 3.13, Z0 = 377Ω, σn ≈ 7×10
3Ω−1cm−1. Apparently,
the ω-dependence of measured transmittance agrees with
the theoretical curve for 2∆ = 50 ∼60cm−1 as shown in
Fig.3. The agreement between the observed quantities
and theoretical curve is significant, which should be com-
pared to the isotropic BCS prediction calculated from the
Mattis-Bardeen equations.24
III. Summary
We have successfully made a comparison between ex-
perimental data and theoretical data for the optical con-
ductivity of Nd2−xCexCuO4 in the FIR region for the
first time. We have shown that there is a reasonable
agreement between the optical conductivity σ1(ω) ob-
served by the R-T method and theoretical analysis with-
out adjustable parameters except the superconducting
gap. An estimate of 50∼60 cm−1 for the supercon-
ducting gap is consistent from both the experimental
and theoretical aspects. The FIR optical conductiv-
ity suggests that the superconducting gap of electron-
doped Nd2−xCexCuO4 is an unconventional one with
FIG. 3. Observed transmittance and the theoretical curve
at T = 0 (solid curve) for 2∆ = 50cm−1 (left) and 60cm−1
(right).
3
nodes on the Fermi surface. The anisotropic nature of
electron-doped superconductors is consistent with the re-
cent researches performed for the one-band and three-
band Hubbard models.25–28 If the superconducting gap is
anisotropic for the electron-doped superconductors, there
is a possibility that both the hole-doped and electron-
doped cuprates superconductors are governed by the
same superconductivity mechanism.
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